Advanced designs and controls of heating, ventilating and air conditioning (HVAC) systems are being implemented to improve energy efficiency and thermal comfort of buildings. [1] [2] [3] [4] [5] [6] Effective design and control of indoor environment requires accurate and rapid predictions. Computational fluid dynamics (CFD) is an important tool for predicting airflows and pollutants transport in the indoor environment. 1, 5, 6 However, when the targeted flow domain is large or the air flow is complex, CFD simulation would require a large amount of computing meshes.
Advanced designs and controls of heating, ventilating and air conditioning (HVAC) systems are being implemented to improve energy efficiency and thermal comfort of buildings. [1] [2] [3] [4] [5] [6] Effective design and control of indoor environment requires accurate and rapid predictions. Computational fluid dynamics (CFD) is an important tool for predicting airflows and pollutants transport in the indoor environment. 1, 5, 6 However, when the targeted flow domain is large or the air flow is complex, CFD simulation would require a large amount of computing meshes. 1 Consequently, a very long computing time of several days or months is needed. CFD has been widely applied in the design and optimum operation of HVAC system for the control of the indoor environment. 2, 7 However, utilization of CFD in practical engineering design (e.g. a whole building with hundreds of rooms) is very challenging and difficult due to considerable computing time and resource requirements. For online control, directly using CFD for faster-than-real-time prediction is almost impossible, 1 due to expensive computational time of CFD, usually much longer than the physical variation time (e.g. air pollutants transport). Therefore, a method of fast prediction for indoor environment design and control is very desirable. This article summarized the state-of-art fast prediction models for indoor environments.
Existing fast prediction models have been constructed based on strategies of reducing computational meshes, techniques of solving linear partial differential equation, or incorporation of online monitoring into simulation-assisted machine learning methods. The pros and cons of the following methods are discussed: 
CFD with coarse-grid
The coarse-grid techniques are straightforward methods for fast CFD simulations. The lesser number of grid nodes would substantially reduce simulation load but would increase numerical diffusion and truncation errors. Coarse-grid CFD can reduce the simulation time by more than 16 times (even 100 times in some cases) compared to fine-grid CFD simulation and could achieve acceptable accuracy (even more accurate in some cases). 8 However, an obvious shortcoming of applying the coarse-grid CFD is the difficulty to accurately capture the non-uniform velocity gradient distribution and turbulent diffusion.
Zonal models
Zonal models require division of an enclosed space into several sub-zones and assume the air characteristics in a certain zone are uniform. 9 Only a few nodes in a room are computed, which would significantly reduce computing demands. Commonly, zonal models would require several to dozens of seconds to finish a certain case and the use of empirical formulas to simulate airflow in a specific area. Also, zonal models could return more accurate results than coarse-grid CFD and FFD for prediction of forced convection airflow in a room. 10 However, users need to be aware in advance, where specific areas are, which is not very flexible and practical. For cases with complex geometries and airflow patterns such as in airflight cabin or industrial buildings, zonal model could produce unacceptable results.
Multizone models
Similarly, multizone models would assume the whole room has uniform airflow characteristics. These models have been widely used for a rapid simulation of a whole building, especially for the prediction of airflow/mass transfer between different rooms. 11 However, only the mass continuity, energy and species equations are solved in these simulation cases. The momentum equations (so-called Navier-Stokes equations) are neglected, thus sacrificing the accuracy of the modelling. The assumption of uniform air temperature was acceptable when the dimensionless temperature gradient was smaller than 0.03. 12 The assumption of uniform contaminant concentration would be valid if the corresponding Archimedes number for the source zone was greater than 400. The assumption of neglecting air momentum effect could be reasonable when the jet momentum effect was dissipated before reaching an opening in downstream. For an enclosed space with a large gradient and complex geometries (especially in non-residential buildings), multizone model could fail in airflow predictions. The error of simulation would thus limit their applications in practical buildings.
SFD
All the governing equations, including momentum, turbulence, energy and species, of fluid dynamics are converted into a series of linear equations in SFD, to obtain time-varying velocity and temperature fields quickly, by using linearization and discretization methods. 13 SFD could reduce computation time significantly due to solving linear systems in comparison to the traditional CFD methods. The calculation speed and accuracy of SFD were comparable to FFD, including in cases of forced convection, natural convection and mixed convection. 13 For cases with lid-driven cavity, SFD was 1.8 times faster than FFD with the same modelling accuracy level. The available SFD could only apply to structured grids. In order to apply SFD in practical engineering, SFD should be improved for situations requiring unstructured and complex geometries/meshes.
Advanced turbulence model
The zero-equation turbulence models are simple eddy viscosity models. The models have one algebra equation for turbulent viscosity, and no (zero) additional partial differential transport equations (PDE) beyond the Reynolds-averaged equations for mass, momentum, energy and species conservation. 7, 14 The computing speed of zero-equation model is at least 10 times faster than the standard k-e model.
14 However, the zero-equation model is not suitable for complex cases, limiting its application scope. 7, 14 FFD Recently, FFD model 15, 16 has been proposed for fast airflow simulations of buildings. Different from zonal/ multizone model, the FFD method would solve the continuity equation and unsteady Navier-Stokes equations as does the CFD. By using special numerical schemes to solve the governing equations, the FFD can run about 50 times faster than the CFD with the same numerical setting on a single central processing unit. 16 Therefore, the FFD can work as an intermediate method between the CFD and zonal/multizone models. Although the FFD is not as accurate as the CFD, it can provide more informative results than zonal/multizone models.
The disadvantages of FFD are simulation error and neglect of turbulence effects. The accuracy of FFD is case dependent. Many researchers tried to utilize modified numerical schemes, such as coarse mesh, thermal plume, dynamic boundary conditions, to reduce errors of simulation of practical cases. From the perspective of speed, most of the available FFD methods do not solve turbulence equations. The air turbulence characteristics determine the diffusional motions of gaseous/ particulate pollutants. Overall, the commercialization of FFD is quite challenging when considering the turbulence effects on prediction accuracy of indoor pollutants' dispersion.
POD
POD is an effective method for reducing CFD simulation effort. In POD modelling, maps of air flow/pollutant distributions from various boundary conditions are provided. POD numerical modelling of flow fields establishes a basis for the modal decomposition of an ensemble of data. Before applying POD in engineering, a series of CFD simulation should be conducted. 17 Most of the total computing time would be for CFD simulations, while the POD only requires several seconds to establish a new case. Due to its rapidity, the online control of indoor environment, such as in the aircraft cabin environment is possible using CFDbased POD method.
Markov chain model
The Markov chain model provides a construction of the probability matrix of pollutant motions rapidly and accurately, e.g. for ventilation systems, 18, 19 determined by airflow information obtained by CFD. The Markov chain model is effective for the prediction of indoor transport of pollutants, especially in transient cases. The proposed Markov chain method can provide faster-than-real-time information about transient particle transport in enclosed environments. 18, 19 However, the available Markov model could produce errors in the prediction of pollutant diffusional motion. The construction of probability matrix is also timeconsuming. If indoor airflow varies significantly, the available Markov model could not produce accurate prediction of pollutant dispersion. The adaptive construction of probability matrix of pollutant motion is very necessary to provide a ventilated control of indoor air pollution.
Transient accessibility method of air pollutant
The method of transient accessibility of the sub-initial condition (TASIC) was developed to enable rapid prediction of air pollutant distributions. 20 The concept is based on the superposition theorem for a fixed flow field. The index of TASIC would be determined by the indoor airflow pattern. Similar to the Markov model, a series of CFD simulation should be conducted before applying TASIC for the prediction of pollutant dispersions. Most of the total computing time is for CFD modelling. The transient simulation by TASIC method would require accurate initial boundary conditions of air pollutants using a limited number of sensors. 20 Fast construction of TASIC index would be essential.
LLVM
LLVM method has been developed to estimate indoor pollutant concentration quickly to allow for the reconstruction of pollutant concentration fields due to distributions of any type of indoor sources. Lowdimensional and discrete airborne pollutant concentration fields can be derived based on low-dimensional and linear principles. 21 Once constructed, the LLVM model could efficiently predict indoor contaminant concentrations quickly. Different cases were tested, and results showed that LLVM model is a reliable fast simulation method for prediction of indoor pollutant distributions.
RO-LLVM
Considering transient regimes, the reduced-order based LLVM method could be a useful tool towards rapid prediction and control of indoor environments. 22 This reduced-order ventilation model was derived from ordinary differential equations (ODEs), which was cast in terms of a matrix exponential. The main results showed that the first four characteristics of Eigenmodes would be sufficient to predict the air pollutant concentration accurately and rapidly.
Fast simulation assisted by machine learning
The fast simulation methods described above could reduce computing time without sacrificing accuracy. In order to achieve online control with co-simulation platform, real-time or faster-than-real-time simulations are necessary. In some simple cases, the fast models could be used directly in faster-than-real-time prediction and online control. For some complex cases, especially with the transient airflow patterns, the computation speed of available fast models could not satisfy the online control need. Machine learning to accelerate the computing speed of available fast models, such as support vector machine, 23 genetic algorithm 24 and neural network have been used. 25 A series of simulation cases should be conducted before training to implement different machine learning methods. 26, 27 LLVM-based artificial neural network (ANN) model has been applied to simulate dispersion of indoor pollutants with different air pollutant sources. 26 A powerful statistical tool of ANN was coupled with LLVM method to provide a faster-than-real-time prediction of the indoor environment. 26 The basic structure of ANN would consist of an input layer, hidden layer(s) and an output layer. Several cases were conducted and found that the computation time (less than one second) of LLVM-based ANN model could satisfy the needs of faster-than-real-time simulation and online control. 26 
Conclusions and future considerations
For the perspective of indoor environmental design, the fast models for the prediction of air pollutant motion (including LLVM, Markov chain) are necessary and have been well developed. Once the information of turbulent air flow pattern is given, the steady/unsteady distribution of air pollutants could be rapidly and accurately predicted. Zonal and Multizone models could not provide relatively accurate results for complex cases. FFD is a promising method with a high computing speed and would satisfy accuracy. However, the turbulence effect could limit the engineering application of FFD. The FFD methods should be improved by simplified turbulence models (such as zero-equation) and special numerical schemes in future. The FFDbased POD and machine learning is the most promising method due to the coupling of two fast methods, which would reduce computing effort significantly.
For the perspective of indoor environment online control, real-time or faster-than-real-time simulations are necessary. Only using the fast models described above (except POD) could not satisfy online control demand. Coupling machine learning/POD and fast models is a feasible solution. The specific method of machine learning is a determinant factor. The matching characteristics among machine learning method, fast model and indoor environment characteristics should be investigated further in future work. Advanced machine learning method could have a great potential to be superior to POD because of less CFD cases is required for model establishment.
